The current-voltage characteristics of non-punch-through-type diamond Schottky barrier diodes ͑SBDs͒ are analyzed by using thermionic and thermionic-field emission ͑TFE͒ models. Diamond SBD with defects such as nonepitaxial crystallites ͑NCs͒ shows shunt path conductance both under forward and reverse bias conditions. However, SBD without NCs shows a low reverse leakage current density of less than 1 ϫ 10 −11 A/cm 2 , which is more than 12 orders of magnitude smaller than the forward current density. From the fitting of the reverse leakage current of SBD without NCs, TFE current dominates when the reverse electric field is larger than 1.2 MV/ cm and its current density value reaches 10 −6 A/cm 2 even at 1.6 MV/ cm, which is lower than the avalanche limit. Diamond is one of the promising materials for high-power and high-temperature device applications due to its wide band gap ͑5.5 eV͒, high breakdown fields ͑Ͼ10 MV/ cm͒, the highest thermal conductivity ͑20 W/cm K͒, and high bulk carrier mobilities ͑3800 and 4500 cm 2 / V s for holes and electrons, respectively 1 ͒. Recently, some groups have reported very high breakdown punch-through-type diamond schottky barrier diodes ͑SBDs͒ ͓6.7 kV ͑Ref. 2͒ and 3.7 kV ͑Ref. 3͔͒, however, the breakdown field does not exceed 2 MV/ cm.
Diamond is one of the promising materials for high-power and high-temperature device applications due to its wide band gap ͑5.5 eV͒, high breakdown fields ͑Ͼ10 MV/ cm͒, the highest thermal conductivity ͑20 W/cm K͒, and high bulk carrier mobilities ͑3800 and 4500 cm 2 / V s for holes and electrons, respectively 1 ͒. Recently, some groups have reported very high breakdown punch-through-type diamond schottky barrier diodes ͑SBDs͒ ͓6.7 kV ͑Ref. 2͒ and 3.7 kV ͑Ref. 3͔͒, however, the breakdown field does not exceed 2 MV/ cm. 3, 4 Non-punchthrough-type diamond SBDs also show a low breakdown field of 1.96 MV/ cm. 5 The forward current-voltage ͑I-V͒ characteristics of oxygen-terminated diamond SBDs based on the thermionic emission ͑TE͒ model have been reported. [6] [7] [8] However, the modeling of current transfer between diamond and Schottky metal under the reverse bias condition is not enough. In this letter, the I-V characteristics of non-punch-through-type diamond SBDs with and without nonepitaxial crystallites ͑NCs͒ under forward and reverse bias conditions are discussed.
The cross-sectional structure of a punch-through-type diamond SBD is shown in Fig. 1 . Diamond SBDs were fabricated on p + / p homoepitaxially grown chemical vapor deposition ͑CVD͒ diamond layers. Deposition was carried out on a high-pressure and high-temperature synthetic Ib ͑001͒ single-crystal diamond substrate by plasma-assisted CVD. The boron concentration of the layers was controlled by changing the B/C ratio of the B 2 H 6 source gas and CH 4 concentration. The B/C ratios and CH 4 concentrations of the p+ and p layers were 16 000 and 150 ppm and 0.6% and 0.1%, respectively. The film thicknesses of both the layers were approximately 1 m.
Ohmic contacts were achieved by the deposition of 300 m diameter Ti/ Pt/ Au layers with annealing at 420°C. Pt/ Au Schottky contacts with a diameter of 100 m were fabricated by lithography and the lift-off method. I-V and capacitance-voltage ͑C-V͒ characteristics were obtained using an Agilent 4156C parameter analyzer and a 4284A impedance spectroscope. A series resistance of 10 k⍀ was inserted for the breakdown measurement. Defects such as pyramidal hillocks or NCs were mapped by Nomarski differential interference microscopy.
The current-voltage characteristics of diamond SBDs without NCs are shown in Fig. 2͑a͒ . A reverse leakage current density of lower than 10 −11 A/cm 2 with a rectification ratio of more than 12 orders of magnitude is realized. The forward current density J is explained well using a TE model such as boron impurity level of 0.37 eV. 9 A maximum forward current of more than 10 A / cm 2 is realized at a −4 V applied bias. However, the on resistance ͑R on ͒ of 0.305 ⍀ cm 2 ͑3.9 k⍀͒ estimated from the forward curve fitting is much larger than the estimated R on of 1.2 m⍀ cm 2 ͑15 ⍀͒, utilizing the film thickness, carrier concentration, and mobility of 1 m, 5.2ϫ 10 14 /cm 3 , and 1000 cm 2 / V s, respectively. Such a high on resistance is mainly due to the high resistance of the Ohmic contact fabricated on the p diamond layer. When the boron doping density is lower than 1 ϫ 10 18 /cm 3 , the contact resistance is determined by TE with the corresponding barrier height. 10 The R on of 3.9 k⍀ agrees well with the Ohmic resistance of 3 -4 k⍀ estimated utilizing the reported barrier height of 0.500-0.505 eV. 10 The I-V characteristic of diamond SBD with a NC is shown in Fig. 2͑b͒ . The maximum forward current is equal to that of SBD without NC as 10 A / cm 2 at a −4 V applied bias. However, the reverse leakage current is increased to 0.1 A / cm 2 at a low reverse bias of 4 V. Also the additional current step on the forward biased region is observed at around −1 V. NC is considered to form at the initial stage of film growth. Consequently, the incontrollable current flows from the p + substrate to the Schottky electrode through the boundary of the NC.
The increased forward current at low bias levels is considered to be attributable to the shunt path current that flows through the NC. The total forward current is described by the summation of TE current and shunt path conduction as follows:
Here, G p is the shunt path conductance. The forward current is well described using the fitting parameter values for G p , J s , n, and R on of 38 mS/ cm 2 , 1.02ϫ 10 15 A/cm 2 , 1.2, and 0.307 ⍀ cm 2 , respectively. From the optical microscopy, the size of the NC is estimated as 4.2 m. If G p is determined by the specific contact resistance with the effective contact area of the NC as in the case of an Ohmic contact, a barrier height of 0.43-0.52 eV is estimated from an effective contact area of 2 ϫ 10 −7 -8ϫ 10 −6 cm 2 . Figure 3 shows the reverse current-electric field characteristics of a diamond SBD without NCs. The reverse electric field at the metal-diamond interface is determined using
Here, diam and 0 are the dielectric constants of diamond and vacuum, respectively. Because the fabricated SBD is a nonpunch-through-type device, the depletion layer expands to 0.8 m even at breakdown. An N A − N D of 8.2ϫ 10 16 /cm 3 , which is measured from 1 / C 2 -V characteristics, is utilized for the calculation of the maximum electric field at the interface. The reverse leakage current of the diamond SBD is under the measurement limit until the reverse electric field exceeds 1 MV/ cm. However, the reverse leakage current increases when the electric field is larger than 1.2 MV/ cm and it reaches 1 ϫ 10 −6 A/cm 2 at 1.5 MV/ cm. The breakdown of the SBD is observed at 1.7-1.8 MV/ cm with the sudden increases in the current. The breakdown might occur at the peripheral region of the Schottky electrode because a large electric field in the peripheral region is expected. Guard ring or junction termination extension structures are required to improve the breakdown voltage.
In the case of Si SBDs, the reverse leakage current is explained by barrier lowering due to the image force. How- ever, the reverse leakage current of wide-gap SBDs is much larger than the expected leakage current level, which is caused by the TE of majority carriers over the lowered Schottky barrier. The commonly used model to explain the large reverse leakage current is the thermionic-field emission ͑TFE͒ model.
11,12
Thus for Vescan et al. have tried to explain the reverse leakage current of diamond SBDs utilizing an image force barrier lowering model, 13 however, the leakage current could be modeled with the assumptions of low zero-field Schottky barrier height and large barrier lowering due to the high density of space charges, which is two orders magnitude higher than that from C-V measurement. The main component of the space charges is explained as due to the defects; however, the origin of the defects is not cleared.
In this study, the reverse leakage current of the diamond SBD without NCs is characterized using TFE ͑Ref. 14͒ and barrier lowering 15 models. The reverse leakage current corresponding to the TFE caused by the Schottky barrier lowering is explained by the following equation: 11, 15 
Here, m and h are the effective mass of the carrier and Plank's constant, respectively. The dotted line in Fig. 3 is the curve of Eq. ͑5͒ fitted using fitting parameter values for A * , qV bn , and m of 88 A / cm 2 K 2 , 1.17 eV, and 0.68m 0 , respectively. The model agrees well with the measured data, however, it also requires an additional of 0.2 eV lowering of the zero-field Schottky barrier. To explain this additional barrier lowering, further models that incorporate other factors such as the edge effect or charged states in the subsurface region 16 should be embedded.
From the TFE and barrier lowering models, the operation limit against the reverse electric field could be estimated because a significant increase in TFE current occurs even at low electric fields lower than the breakdown field of diamond. If the available leakage current of the SBD is 1 ϫ 10 −3 or 1 ϫ 10 −6 A/cm 2 , the operation limits are almost the same as the SiC SBD level of 2.15 or 2.62 MV/ cm, which are much lower than the maximum avalanche field of diamond. The maximum operation limit of 5.7 MV/ cm is derived from the 3.4 eV Schottky barrier height reported thus for maximum. 17 In conclusion, the forward and reverse operations of non-punch-through-type vertical diamond Schottky barrier diodes with and without defects were characterized. Diamond SBD with defect such as nonepitaxial crystallite shows an Ohmic-like shunt path for both forward and reverse currents; however, SBD without non epitaxial crystallites shows low reverse leakage current and a rectifying ratio of 1 ϫ 10 −11 A/cm 2 and 12 orders of magnitude, respectively. The reverse leakage current, as a corresponding reverse electric field, is evaluated utilizing thermionic-field emission model, which is modified with Schottky barrier lowering effect. The reverse leakage current agrees well with the model in the electric field region between 1.2 and 1.6 MV/ cm. These models indicate that the reverse operation limit is determined by the tunneling current that appears at a low electric field level before avalanche multiplication.
